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Instrumentation,” by Y. Durand and Alain Stankoff, pp. 207-216,

(e} MUC memo 6512/137-75 dated 22 August 1975 “"Feasibility Investigation
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Martin B. fraichman, U.S. Government Printing Office, 1970,

(g) Galejs, J., "Admittance of Insulated Loop Antennas in a Dissapative
Medium," IEEE Trans. Antennas Propagation, Vol AP-3, March 1965,
pp. 229-235.

(h) Ramo, Whinney, and Van Duzer, Fields and Waves in Communcations
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(i) Eshbach, Handbook of Engineering Fundamentals, 3rd Edition, Wiley,
1975, p. 1443

(j) Arnold Engineering Co., Tape Wound Cores, Publication TC-101B,
Marengo, Il1linois, 1972.

(k) American Institute of Physics, American Institute of Physics Hand-
book, Third Edition, McGraw-Hill, 1972, p. 5-247.

(1) Naval Undersea Center TP 294, Undersea Detection of Various Signals,
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1.0 INTROSUCTION

One of the missions which appears attractive for the NOSC free swimmer
is pipeline inspection. With an ever-greater number of pipes distributing oil
and gas from offshora wells, there is a need to insure that these pipes are not
leaking and show no signs of immenent failure. A typical scenario would be the
launch of the free swimmer some distance from the pipeline with the free swimmer
programmed to cross the pipeline at some preset altitude. Aboard the free
swimmer will be some sort of pipeline detection system, the subject of this
memorandum, which will alert the onboard microprocessor that the pipeline has
been crossed. The vehicle's control logic will then take over piloting and



greatly influenced by the perm of the pipeline (reference (c)). This would
appear 'to make the control problem more difficult for our free swimmer in a
‘pipeline following/inspection missfon. This same point has been made by

Mannfred Wolf in reference (e). For this rezson, this memorandum will not
investijate passive DC systems further. It should be remembered, though, that
these systens will have a detection advantage over active systems, and also that
future, more detailed investigations may reveal the control problem to be soluble.

By using an active electromagnetic system, the control probelms are in
orinciple nore tractable since a simple dipcle source {s induced on the pipe-
line.” Such a system has been build by Intersub-Development (reference (d)) and
Shell {reference (e)). The Shell “Shellfish" system was designed as a towed
fish to detect pipelines as it was towed over them. It operated at 50 Hz, and
claimed the ability to detect an 8-inch pipeline buried 9 feet deep. Apparently
this system waes made of a8 single source and receiver and therefore would not be
able to discriminate the pipeline's direction from a vehicle. The Intersub
system overcomes this drawback by using one transmitter coil and two Taterally
senarated receiver ¢oils. Fronm the drawing in the article, these coils are
sclenoidal (probably filled) and arranged so that the transmitter coil's axis
is perpendicular to the two parallel receiver cofls. This svstem is claimed
to have 3 standoff distance of 3 meters against a 32-inch pipeline, whether
bu;ied or expased, and to provide sufficient control for manual or automatic
pileting.

Beczuse the active electromzgnetic systens provide qood discrimination
ajainst buried objects end provide sinple and easily usable control information,
the balance of this article will examine them exclusively.

3.0 UAGNETIC SEARCH EQUATIONS

3.1 Nature of the £ffect

In sesrching for a pipeline, we are dealing with an object which is both
permezble and conductive. These properties give rise to two separate responses
when the object is illuminated by an AC magnetic field. First, since the obj-
ect is permeable, the magnetic field tends to induce a dipole moment paraliel
to the inccming field by magnetizing the object. At the same time, since the
chject is conductive, eddy currents are set up. These currents, by Lenz' law
set up a dipole moment anti-parallel to the incident field. The two effects,
magnetization and eddy currents, have opposite frequency behavior. Since eddy
currents are created by induction, there are no induced eddy currents at DC.
£ddy currents increase with increasing frejuency until, at a frequency when the
skin depth is ccnsiderable less than the conductor size, the maximum ecdy cur-
rent dipole moment, which is proportionzl tc the illuminated cbjects volume,

is reached.

The induced dipole moment due to magnetization behaves exactly the oppo-
site. At DC it has its maximum value, which 1s also proportional to the volume
of the object. This magnetic moment {s mzintained until a frequency fs reached
where the skin depth is small enough to prevent an zppreciable fraction of the
object from beirng magnetized (the condition is ~{ where u is the relative
permeability, & the skin depth, and R a characteristic dimension of the object).
As the frequency is raised still further, the magnetization effect drops to zero.

Because of the rather thick well thickness of the pipe, 1t s unlikely



that eddy currents will be suppressed at any frequency above a few Hertz.
Also, depending on the magnitude of the relative permeability, some ragnetiza-
tion will be induced into the thousands of Hertz. To go higher in frequency
would result in an unacceptably low water skin depth. Thus, the observed
induced field will probably be 2 combination ¢f dipoles produced by eddy cur-
rents and magnetization. Since these dipole moments are oppositely directed,
there will be some cancellation cver either effect acting alone. For analysis
p¥rposes, we shall ignore this cancellation and treat the eddy current effect
alone,

One interesting results of the above considerations is that §t nay be
possible to choose the frequency to minimize interference effects due to the
free swinmer. An AC coil rounted on the vehicle will induce eddy currents on
the vehicle's frame. This can, of course, be minimized by choosing the loca-
tion and orentation of the coil with care. However, the eddy currents may be
acditionally suppressed by choosing the frequency low endugh. Since the pipe-
Tine is much larger than the tubing on free swirmer, it seems eddy currents
could be preferrentially suppressed on the frea swimmer relative to the pipe-
Tire. As we shall see, choosing a low frequency minimizes losses in the water
and minimizes changes in an immsrsed coil's impadence relative to its in-air
valie. However, at too low a freguency, atrospheric and other interfering
noise scurces will propagate into shallow water.

3.2 Governing Equations

In this secticn, we shall derive the magnetic field at a point dipole
transmitter due to an induced dipole located a distance away. We shall use
the infinite medium approximztion, which assumes that the free swimmer.and
pipeline are far from the surface or boundries. Of course, with the pipeline
at the bottem, this assumption is violated. However, the effect of the bottom,
with its lower conductivity, appears mainly to increase the magnitude of the
resulting fields. Hence, our infinite medium results should be conservative.

Ke will first work out the results far the transmitting dipole's moment
2long the Tine joining the transmitting dipole te the pipeline. Along the
axis of the transmitting dipole, the electric and tangentia) ma?netic fields

are zero anc the radial magnetic field, H, given by (reference {f))
. meosB PO R, 3fir
f - e (117 vpbr)efre? (1)

where m is the transmitting dipole's dipole morent, r {s the distance to the
observation point (i.e. in our case the pipeline), is the angle between the
dipole's axis, and the line drawn to the observation point and 8 is the recip-
rocal of the attenuation length &, j.e., y
] ” Feant fr
- —— L ; w_ﬁi—— )
.B & \ aQ (2)

where w is the angqular frequency (i.e. w=20f), u, fs the permeability of free

space, and O is the conductivity of ocean water. HMNote that a time factor of
&rﬁf twT] has been suppressed.

As mentioned above, the effect of the time verging magnetic field fs to
inrduce a magnetic moment in the pipe whose magnitude is proportional to incie
dent magnetic field (see Appendix B, reference (f)), f.e.

M, * Ly H (3)



where m, is the magnetic moment induced on the pipeline {due to eddy currents)
. and =7+ 'is the constant of proportionality. The subscript T indicates that the
transaitting dipole moment is perpendicular to the pipe axis.

At the transmitting dipole, the magnitude of the induced field, Hi' is
given by equation (1) with m=m; that is s .3

$r . A -4 -
e A

Ve have dropped the cos& dependence since we evaluated the field directly above
the pipe. Labelling the term in brackets G(gr), we note that G contains the
entire frequency dependence. Expanding G into its real and imaginary parts,

with x=gr, we have : ) -
Re C—;Q&)?[(irlx)(e.sdx + (1) Snac] e .:x
‘ -3ix
Tm G (L2000 esaa » (042 8n24Te (5)

Equations (3) thrcugh (5) are for a transmit coil whose dipole moment is orien-
ted parzllel to the line joining the dipole to the pipe. Ancther interesting
geametry is for the transmitting dipole oriented perpendicular to both the
pineline's axis and the line joining the pipeline to the dipole. In the case
of the transmitting dipole being @ planar coil, this would correspond to the
plane of the ¢oil perpendicular to the bottom. For this geometry, the induced
field at the dipole, H{, is (from reference (f)) Y 2

’ i 7 - . - O e S -

Ve Mar I—L(It;r*}(ﬁ “)3/‘?"))? e" ] (6)

R, = (ar¥?rt (4

Note that the prefactor of the term in brackets is identical in both equations

(4) and (6). Calling the term in brackets G' we have _ . -
l".ch‘-'(_i\- - {Ufl,(-‘ft’-‘lﬁ)u,-,.u s(h*éc‘ﬂ");..l:ﬂgu

I &) '-J{' {(.“---é('ll ’1’:3):;3.{; - (e 2a- % Ye¥)sin Q{} e ¥ (7)

The above equations allow us to make some qualitative remarks concerning the
behavior of the induced mangnetic effect as a function of frequency and range.
For 2 fixed number of attenuation lengths (i.e. sr=constant), equations (4?

and (6) show that the magnitude of the effect drops as r ©. This is true for
Tocalized objects, such as wellheads, where Ay 1s in depent of r. For exten-
ded objects, such as pipelines, it turns out that Tr is proportional to r

(see next section) so the dependence on range is r 3. In either case, this {is
an extremely rapid dropoff with range compared with, for example, the passive OC
effect of a pipeline which decays as r 2, It is this rapid dropoff with range
that Vinits the AC induced effect to short ranges.

The frequency dependence is entirely contzined within the functions G
and G'. The easiest way to view the frequency dependence is to study the var-
jation of G and G' as a function of x=gr, the number of attenuztion lengths.
Figure 1 shows  [l6(x)]] , Re 6{x) and ImG(x) as a function of x while Figure
2 shows the same information for G'. For G note that its maximum is reached
at zero frequency where (|Gl = Re G=1. Of course, our equations don't apply
at zero frequency since the assumption of eddy currents as the dominant mech-
anism fails there. As the frequency is increased, the magnitude of the effect
drops. MHowever, ImG has an important maximum at x=gr=1, where it has a value
of .594. ImG represents the quadrature returned signal; Figure 1 shows that
by choosing gr properly {i.e. gral) we can force the returned sfgnal to be
totally in quadrature with the transmitted signal without much loss fn the
magnitude of the effect. Such a choice could, in principle, allow discrimination
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between the desired return signal and the undesired transmitted signal. In any
event, above prx1 G deczys rapidly and is less than about .06 for f3r33.

G' behaves rather differently than G. At low frequencies IG'}is only
.25. However, with increasing frequency [G}f 1increases reaching a magnitude
of about .53 at grz1.7, after which it monotonically decreases. ImG' has a
substantial maximum of about .5 at sr=2. Although |[G'It , Just like HGH
becomes sm211 at large 8r, lIG'l; -decays much more slowly. For example, at
gr=4  |I6'lfis still about .1. The reason for (iG'} decaying nore slowly is
that the electromagnetic field must become transverse at large gr so that G/G'
+ 0 35 Br + =,

In summary, we have shown that AC-induced mazgnetic fields drop off
quickly with r, the separation distance between the transmitting dipele and the
illuminated nbiect. For nnint ohiects this dependence is r &, for extended
objects, such as pinelines the dependence is r %, as will be shown in the next
section. The freJuency cenendence ismore woderate, despite the apgearance of
the expcnential factors e 2gr in ejuations {4) and (6). The effect can be made
to be 0% of its greatest value at gr=1, 50% 2t 3r=2 and is still 10% at gr=4.

3.3 Induced Pipeline Yasnetic lonent
2

In the last section, we used the fact from reference (f) that the fnduced
magnetic moment of 2 metallic object is pronmorticnal to the fncident magnetic
field. This relationshi» is true when thz size of the object is small compared
with a2 wavelength in the surrounding nedium, but large compared to a wavelength
in the object. For cylinders, the constant of »roportionality is given by (ref-
erence (f), appendix B)

oty -V (8)

where V is the volume of the cylinder and N is a numerical factor satisfving
RN TN and depending on the cylinder's lTength to diameter ratio.

In order to compute V, we must know the effective length of the pipeline.’
In the case of a long pipeline, this is considerably shorter than the physical
Tensth since substantial eddy currents are induced only on that portion of the
pipeline immediately below the transmitting coil.

The most straight-forward way to estimate the effective pipeline Tength
is to consider the induced moment %o be composed ¢f a linear dipole density,
m(x), located along the pioeline axis. Let x=o0 be the point on the pipe axis
directly below the transmitting dipole and 2 distance 2 from it. At point x
on the pine axis a dipole moment m(x)dx is induced. Disregarding for the mom-
ent the cos® factor the resulting induced field due to the {nduced moment m(x)dx
varies as r &, At a distance x along the pipeline

re ((Fee®)™ (9)



Thus, 2 small section of pizeline at x=o will produce an effect nroportional
to (3)76 while a small section at a distance x will Save an effect asroportional
te (32 + x2)767,. If we define the effective half length, L, to be out to that
soint where the induced fisld at the transmitter is half that due to a point

directly below then 3 /

R A
(s s L)% 7 3 (10)

Salving this equation we cobtain

L=.5-/Q, (1])

The effective length is 2L=1.022, 1.e. the length ¢f the pipeline contafning
significant eddy currents is essentially equal to the distance from the gipe.
In the following, we shall use L=1/2 a. for simplicity.

In the limit of large length to diameter ratio, the value of N in equa-
tion (8) 1s 2 {reference (f), appendix 3).
Using this value, we have N
- . L.
wyr =2 QLT A, T -Ar T (12)

where wa have reintroduced the symbol r tz renresent the distance between
dipcl2 and pizeline znd where Q; is the pipelires radius.

3.4 Dipole i'oment to Produce 2 Given Field

By rearranging some of the previous equations, we can calculate the
ranyired dipcle moment necessary tc produce a aiven induced field, H, at the
transnitting cipole. Substituting eguation (12) into equation {4) wh have

™ 4.

B e G (fr) (13)

Rearranzing and using 3= A -
awr f5c

\m] * e anr [C‘-<,3".)‘ (14)

This gives the magnetic moment required for transmitting dipole whose moment
is paraliel to the line joining it with the pipeline. For the perpendicular
case, equation (14) holds with G replaced by 6'.

From equztion (14) we can calculate the dipole moment required to
receive a given magnetic field as a function of distance, pipe diameter, and
frequency. As an example, let's evaluate this ecuaticn at a distance 4 meters
from 54-inch pipeline (an=27 in=,685m), using a frequercy such that gr=1, f.e.
fle(1)H =.68 {from figur® 1), uith B=1y=10"9 wb/m2, we have
. AT : fg oot (15)

That 15, at the transmitting dinole's locatfon we need a magnetic moment of 16
anp - mi for every y of induced field produced.




4.9 AC MEGNETIC SCURZES

In this section we shzll review the applicable equaticns which describe
coils and solenoids used as magnatic sources. These equaticns will relate the
basic input parameters of the scurce such as size, weight, power to thefr resul-
ting dipole moment, and 2ssociated electrice] parameters (inductance, Q, etc).

4.1 Dipole Moment of a Circular Coil

Consider a planar circular coil of radius a carrying a current 1. Let
the coil consist of n turns of wire (wire radius = a,) of resistivity p, and
mzss density o.,. Then this coil's dincle moment m , is given by

m:nr Cﬁkl) (15)

The current is relzted tc the real pcwer input, P 2nd the coil's resistznce R
by
2'.- [ £
I R

From (18) and (17) it is clear that to maximize the dipole moment for 2 given
power input the coil's resistance must be minimized. The resistance R 1s the
su~ of the interna) rasistance R, due to the wire's resistivity and R, the
external resistance due to condultion currents in the water. Assumina the
wire used to mak2 the coil is less than a skin depth in diameter then

R'_. : fA’—:‘- (]3)

Q.

where t=27a is the length of a single turn. The number of turns n may be
eliminated fror eguation (18) by expressing it in termms of the coil's mass, M
as /\1

(7

- et e r——
! G.-,-/.-n (19)
Substituting, we have
- m 2
AW —C (20)

ag'x/ﬂl
The external resistance, Re, must be added to the internal resistance whenever
the coil is surrounded by a conductor, such as seawater. Reference (f), Appen-
dix C gives the value of this as ,

Rer n*E & (-f'}')q (21)

where p, is the water's resistivity and & the skin depth in water., EZauation
{21) only holds for a<<§. Fcr a on the crder ofd /it, Re will be highar unless
the ecoil is insulated (referesnce (g)). Assuming this is done we substitute

equations (17), (19) and (20) obtaining ",
5y /‘mé ‘ Q}LQ-
M Iard




It is interastin; to note that the magnetic moment does not depend on the

nurber of turns nor the size of wire. The choice of meterial is governad by

" the factor p.py which should be minimized. Of the common conductors aluminum,
PmP1 = 7.72 X 107382-Ky/miis superior to copper, pp1 = 15.41 x 1075.0-¥s /ma |
producing about 40% more moment for the seme size, weight and power fnput.

Since for the diameters we'll be using, aluminum will represent a lot of wire
(i.e. over three times &s long as copper), we will base our numerical examples
on ccppar,

It is interesting to compare the two terms in_the denominator of equation
(22). For cspoer p_py/M (M=10 1bs) equals 3.39 x 1075 L /m>, For a cofl
radius of a=.257 and for J=4n (i.e. f=3960Hz) the second term equals 1,65 x 10”5
a/m2. Thus the second term 1s about cne half the first so that coils of this
siz2 weighing more than 20 pounds would not produce an appreciably larger moment
at 4 XHz since the losses are dominated by seawater losses. For frequencies
censiderebly lowar than 4 ¥Hz apprecisbly more than 10 pounds could be wound
around a .25 radius ccil and the magnetic moment would increase as the sguzre
roct of the windings weight,

¢ corplete our numerical example lets calculate the mzgnetic roment
for & 12 peund, .25 m radjus coil driven with 10 watts of power 2t 3960 Hz.
Acccrding to sjuation (22), ic %i .7
(s . . "1 ams . m™
m* (‘T ((3.3?116"41=i->'fm")) | §$ T amp.m (23)
In equation (15), we found that it rejuired 2 16 amp-m2 source dipole maoment
tc yield an effect of one vy so with the coil configuration above we will see an
effect of roushly 3.5 y. For future reference, we note that at 40 Hz, the
seccad tern in the denominator of equation (23) vanishes and m=67.9 amp-m2.

4.2 tlectriczl Design of a Coil

Cerntinuing with the exarple of the last section we shall calculate the
relavent electrical parameters pertzinent tc the employment of a coil. First
we must choose § suitable wire size for the coil. If the wire diameter {s too
large there will be appreciable skin effect resistance which will lead to excess
heating and fnefficiency. Toc small 2 gauge wire will result in increased stray
canacitance and too many turns unnecessarily prolcnging the winding process.

For copper at 4 MMz, the skin depth is 1.05mm. Ve c2n make the wire 3-skin
depths in diameter and only increase the DC resfstance by about 15% (reference
{h}). From standard copper wire tzbles (reference (i)), we see that #3 wire is
alnost exactly tnis diameter. Ten pounds of #8 wire corrasponds to 200 feet
and has a resistance of .126 ohm. At this resistance and ten watts we have 2

current of /_;
A 10
IR o B2 amp (24)

This is considerably belcw the maxim current for #8 wire which is over 40 amps
even for insulcted wire. The number of turns is the total length divided by

the circunference, i.e.

.S doc Id : 38.8 Fons (25
1 e ) (2194} (- 25 )(33.2Y) 3 : )




The inductance, L, of the coil is obtained from reference (h) a=
‘ ’ - P 3 gQ_ - .
L n Q/—f.p [/" ( -—a—d) 2—] keﬂflf-l (26)
where a, fs the radius of the bundle of wires. For a packing fraction P, this

equals dm‘ ‘/—T/ |
Ge - XV Tps _ (27)

The largest packing fraction possible for circular wires is 1/4. Using this

valugd for our #8 wire, we have 7w
. L 125 /‘”' Yos g
Qg Y = LRy (28)

Using this value in equation (25), we find L=1.50 x 1073 Henrys.

At ¢ frequency of 4 XHz, we have for the Q of the coil in air
G . w b (a7, (H’Uc”)(i--fwc'z);\?oo
R 1dé
This is quite & large value of Q and probably will not be realized in practice
due to stray capacitance, the finite insulation of the wires, less thzn ideal

nacking fraction, and presence of nearby objects such as the electrostatic
shield.

(29)

To drive the above coil diractly to the ten-watt Tevel would require
a source capable of driving an almost puraly reactive load at 9 amps and an
r.m.s. voltage V, given by

VeI X c Tarkls (ORI eee) Ui 339 alls (o)

By rescnzting the load and making it purely resistive, we can considerably
raduce the drive requirenents. The capzcitance, C, necessary to resonate an
inductance, L, is given by ,

C= GuTL7ft (31)

which for L=1.5 x 1073 Henrys and £=4000 Hz yields C#1.05uf. Once resonatad,
the equivalent resistance, Req, of theparallel coil g?pacitor combination {s

given by 1 ' -3
} ‘,_UL> R (ln‘\' (Hoec)(l-flic_)_)_ = bLiyx qu_a_
ﬂu‘ TR NF = b (32)

Usually, most power amplifiers hzve z Tower output impedence. If we connect
the resonated coil to the primary of a coil having a turn retio of 1:15, a
power amplifier will see 2 load of 49.8q and will require 22.3 vrms to pro-
duce the ten-watt output power.

The above calzulations are for the coil in air. In water, the resis-
tance of the coil increases according to equation (21), which for our case
amounts to an increase of 50% to a resistance of .189n. Also the inductive
reactance decreases by an amount, aX, given by {reference (f), appendix C)

'y
. AT g ) (33)
ax: 3rc (3

10




which, for our coil, s totally negligible being about 2 x 1076 ohms. Thus, the
main effect of immersing the coil in water is to reduce its Q to about 2/3 of
its in-air value.

At 40 Hz, the coifl's reactance drops by a factor of 100 and we have Q=3.
With such a tow value of Q, the concept of resonance is rather 111 defined since
the value of shunt capacitance, which minimizes the {nput current, is different
from that which makes the impedence real. In any event, the procedure for
driving the coil is similar to that at 4 KHz. Additionally at 40 Hz, there is
essentially no change in the coil's Q when immersed, since at that frequency the
coil is very small compared to a skin depth.

4.3 The Filled Solenoid as a Source

Thus far we have been considering the planar coil as our source. It is
also possible to use a permeable material as the source. The idea is to excite
the material to a magnetized state, the dipole moment being the volume integral
of the magnetization. We shall consider solenoids, long compared to their
diameter, filled with a permeable material.

In considering this approach, one immediately encounters two loss mech-
anisms not present in air-wound coils. One is eddy currents which are set up
in the core by the magnetizing field. These can be minimized, in the case of
a conductive core, by Taminating or powdering the metal, or by using nonconduc-
tive types of material such as ferrite. The hysterisis losses are characteristic
of the material. Both loss mechanisms are more significant at higher frequency,
making the design of a 4000 Hz filled source less efficient than one at 40 Kz,

At 40 Mz for Selectron, the manufacturer’s tables (reference {j)) can be
interpolated to show 2 core loss (eddy current plus hysterisis) of .13 Watts per
pound at 40 Hz for B = 10 Kilogauss = IWb/m2. From the manufacturer's magneti-
zation curve the H required to reach this B is H=.35 oerstedss 1777 wmpa* a2
We calculate the magnetization, M, which is the dipole moment per unit volume
according to

=~ H (34)

- - " :‘-S- Pt *
which for the above values of B and H yields ™M LA NIET S22 The volume,
V, of Selectron required to equal the £7.9 amp m? moment of the 10-watt, 10-pound

copper coil is

ViR TR §3:3 ¢m (38)

Since the density of Selectron is 7.65 g/cc, we need only 1.44 pounds to produce
the same moment as our 10-pound copper coil. Using the figure of .13 W/pound,
we see that only .19 Watt is dissipated by core heating.

Now we need to calculate the weight and power needed fn the core windings
to produce the above magnetization. To do this, we need to specify the rod's
shape. For convenience, let the rod's length, 1, be 10 times {its diameter, d.
For a volume of 85.3 cmi. this means a rod 8.72 inches long with a .872 inch
diameter.
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For any materfial, an applied field H, is required to produce a field H.
These are not the same because of the internal demagnetizing field. They are,
however, related according to (reference {k))

H°=—$—'-:;78+("-3-§)H (36)

The above equation is in Gaussian units and Np is known as the demagnetizing
factor, which depends on the core shape. For a circular rod of 10:1 aspect
ratio, N, /wm b 1A xic *{reference {k)). For our values of H and B, we obtain
He*172 oersteds.

I have previously (reference (1)) calculated the magnetic field K,
produced by a solencidal winding of power-mass product PM as

' >
- / P
= "‘:7" e 37
H [ ﬂ- ‘( /‘_’/”ﬂ'\ ( )
in rationalized MKS units. Solving for PM we find PM=6.83 Watt Kg=15 Watt-pound
pounds. We can split this up between power and mass in any way we desire.

Choosing P=9.5 Watts we find M=1.6 pounds. This corresponds to a winding along
the core which is roughly 6mm thick. _

Comparing the filled solenoid with the coil at 40 Hz, the filled sole-
nofd (with windings) is B.72 inches long with a 1.34 inch diameter consuming 9.7
Watts and weighting 3.04 pounds. The coil weighs 10 pounds, consumes 10 Watts,
is .5 meters ?19.7 inches) in diameter, and has windings .9 inch in diamater.
Thus the filled solenoid is more compact and weighs less.

At 4000 Hz it initially is not clear whether a filled solenoid can be
designed which is more efficient than a coil. Even 1 mil Selectron would be
too lossy requiring a 4.2 pound core and dissipating over 40 Watts in core
losses to produce the same magnetic dipole moment as the coil, Bill Bangston
of Arnold Engineering stated that their powdered fron cores would be too lossy
at 5KMz and suggested ferrites. Large ferrite cores are avaflable, on special
order, from Indiana General. For transmitter purposes, their 05 premium material,
which is similar to the Ferroxcube 3C8 material, is near optimum. We shall use
the)materia1 constants for 3C8 (since I don't have an Indiana General catalogue
yet).

Running through the same calculations as before, we find we can obtzin
a dipole moment of 55.7 amp -m2 at 4000 Hz with a 3C8 core 12.2 inches long and
1.2 inches in diameter. It will weigh 2.41 pounds and dissipate 5 Watts. The
copper windings will weigh 1,07 pounds and dissipate 5 Watts also. Thus, using
the same power, we can obtain the same magnetic moment as the 10-pound coil but
with a weight of 3.5 pounds and a maximum dimension of one foot. We have not
includad seawater losses for the solenoid, whereas we did for the coil. These
losses may be smaller than for the coil because the solenoid is physically smal-
ler (see equation 21).

5.0 RECEIVING CONSIDERATIONS

5.1 The Matched Receiver
It is reasonable to expect that the optimum receiver input network

combination is where the receiver, be it coil or solenoid, is impedence matched
to the input amplifier so as to yield maximum power transfer. This can be
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accomplished by putting a capacitor in series with the sensor to cancel its
. induttance and then placing a matching transformer across this combination to
make its internal resistance equal to the amplifier's {fnput impendence. If this
:s done, the voltage, V,, appearing across the input terminals of the amplifier
s
: \/ &: \/oxp\t
m 4 R (38)

where V, is the open circuit sensor voltage, R; the input impedence of the
amp!ifxer and R the internal resistance of the coil or solenoid {winding resfis-
tarice plus any series 1055 resistance due to core losses).

The equivalent noise input, Vn, across the amplifier is given by
Vids YKTEE)RF (39)

where K 1s Boltzmann's constant, T the absolute temperature, Af the bandwidth,
F a factor which is unity for an ideal amplifier, and >1 for real amplifiers.
The signal-to-noise power ratic is given by

iy e VoDt
SNR = G <1 e3) (40)

Maxim1z1ng the signal-to- no1se ratio for a given amplifier {s equivalent to
optimizing the quantity V.,2/R for our sensor. Letting R be due solely to the
resistance of the w1nd1ngs, we find for the coil

.k
iy //JW 4
Vi~ T =
\'! ‘?’\- ; l N’w / ﬁ]w (42)

where in each case a is the radius, M the mass of the windings, and Ny the
demagnetization factor.

and for the solenoid

Comparing equation (41) to equation (22), we see that the same factor
appears in both., Had we continued on with equation (37) making the assumptions
of a linear material, no core Toss and no heating of the sea water, we would
have found for the filled solencid

. _Q_.._ q 3

which 15 very similar to (42). Thus both for the coi1 and the solenoid, the

same parameters optimize the sensor, whether as a transmitter or receiver , if
we neglect core losses and water heating. This is reasonable from reciprocity.

It is interesting that the receiving equations contain a factor of w not present
in the transmitting equations, This is because we optimized the transmitting
equations for the near field. Had we optimized the transmitter to give the
largest value of H in the far field in air, then the transmitting equations would
also contain a factor of w and we would have complete syrmetry.

It is interesting to calculate the receiving response at 40 Hz for the
filled solenoid of the last section, Assuming an ideal amplifier of 120 input
impedence, we find from equation (39)

A J(H)(l.Zr.(ro"lz)(l"fr)(')("o =143 vV (44)
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for a 1 Hz bandwidth at-room temperature. _From equation (4zgqur our solenoid
of section 8.3 we find (Ve*/R): ALCPubD, For 313 10"%wh /ma
" We find from equation (38)

Vs Gl pV (45)

The signal-to-noise ratio is then

Y= . 94.;7a43

SN R0 by g (46)

5.2 Direct Receiver Connection

One of the problems with the matched receiver is that the phase of the
signal 1s sensitive to any slight change in the impedance of the elements.
Another problem is the weight of the matching transformer. Both these problems
can be eliminated by connecting the sensor directly to the amplifier. If this
is done, then the voltage across the ampliiier is

V.

L. :
Vel R T (T
Usually we will have R.77 R In this case, the maximum signal will be
obtained with a turn ratio such that Wt = R . However, with this turns
ratio, the reactive and resistive components are equal and the currents phase
is still sensitive to the fluctuations in the sensor's impedance. To eliminate
this sensitivity, we must make wl<<Rj.

(47)

A solenoid of length, 1, radius, 2, and permeability, u, will have an
inductance, L, given by

L - ”Elﬂtﬁi"‘ ———
An L v A

For Selectron o= 77 7T so that the inductance is determined by the core's
shape rather than its permeability. If we assume an input resistance Rj=12Q and
require wl/Ri=.1, then we find N=187 for the solenoid of section 4.3. For single.
layer coverage of a 8.16 inch long core this would roughly correspond to 43 feet
of #17 wire which would yield a winding resistance of .2180 and a weight of .27
pounds. The winding's weight is considerably less than the 1.5 pounds of the
last section.

For R and wL both less than R;, we have

Vo = Vo (49)

For a solenoid

Fe hiAN-5
LG = T NUU A/&.) B’- (50)

Plugging in the numbers we find that for B,=1ly, =40 Hz, V,=1.07uV/y. This
represents a 19.1 dB drop in performance from the ideal case. Considering
that we will be using a real amplifier with F>1 the signal-to-noise ratio
will drop even more. However, considering the large ideal SNR, this lower
performance is no real handicap and is more than made up for by the simple
receiving arrangement which requires nc capacitor or transformer and is insen-
sitive to impedence variations.
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‘ Another benefit in the abo-: arrangement {s that the core can be quite
lossy at 40 Hz. Even if Q=wl/R is on the order of unity, the output voltage will
- still be V,. At 4000 Hz, the situation changes, since it is impossible to make'
wl/Rj=.1 for R;=12 ohms without going to a very heavy winding or a loosely spaced
winding, both of which are probably undesirable. Making wL/Rj small by fncreasing
R; lowers the signal-to-noise ratio (for F constant) since the noise increases
with Rj. If the sensor is to be directly connected at 4000 Hz, it is probably
optimal to make wl>>Ry. This also requires wl>>Rj to make the current's phase
insensitive to impedence variations. )

: It appears that the Indiana General Q1 antenna core, 7.52 inches long by
.620 inch diameter will make a suitable receiving antenna at 4000 Hz (and with a
different winding, also at 40 Hz). Letting wlL=10R; at 4000 Hz implies about 250
turns of #22 wire; a winding resistance of .6550. We estimate a core loss resis-
tance of .60 and a very rough estimate of seawater resistance of 1.40 for a total
of R=2.65qnand Q=45 in water. V, for this coil will be 65uV, and Vm will be .65uV.

6.0 CHOICE OF OPERATING FREQUENCY

The previous examples were based on using 40 Hz and 4000 Hz as the
operating frequencies. 4000 Hz was chosen as an upper limit for consideration
since here attenuation length is 4 meters, which is a tolerable working height.
Beyond this frequency at 4 meters, the magnitude of the effect decreases signi-
ficantly due to attenuation. 40 Hz seems to represent a convenient experimental
Tower limit for lab work. However, the choice of optimum frequency cannot be
determined from theoretical considerations alone and must be made primarily on
the basis of experimental work. We can, however, enumerate the tradeoffs involved.

Since there are two effects, the magnetic and eddy current involved,
probably the most important factor is to determine that frequency which has the
largest net effect. This can be determined fairiy easily in the lab by placing
a coil in proximity to a material sample representative of the pipeline and
noting the fractional difference between the coil's inductance in free space and:
when isolated. This fractional change is proportional to the real effect pro-
duced by the pipeline. Noting the fractional change as a function of frequency
will determine the frequency where the effect is maximum.

Although the magnitude of the effect at the operating frequency s 2
major consideration, other factors may be equally fmportant. At 40 Hz, using a
solenoid results in a very compact source. At this frequency the magnitude of
the eddy currents induced in the vehicle, which are a potential source of {nter-
ference to pipeline detection, should be less than at higher frequencies. 40
Hz also has the advantage of having a 40-meter skin depth in water so that its
performance in air and in water should be identical, facilitating the transfer
of laboratory results to the operating environment.

Higher frequencies also have advantages. At 4000 Hz the signal returning
from the pipeline 4 meters away will be mainly in quadrature with the signal
arriving directly from the transmitter coil or other nearby objects. Signal-
detection may be enhanced by concentration on quadrature detection. The effect
is not available in afr nor in water at 40 Hz because the desired signal under-
goes no phase change relative to the interferfng signals in these situations,
True noise, arisfng from the free swimmer motors or filtering in from the air-
sea interface, should also be minimized, the former because less noise {s pro-

15



bably generated at the higher frequency, and the latter since an attenuation
length at & KHz is only 4 meters. Finally the theoretical matched receiver

" putput voltage (see section 5.1) increases linearly with frequency. This advan-
tage, however does not carry over to the directly connected case.

7.0 ELIMINATION OF THE BACKGROUND FIELD

7.1 Introduction

- Thus far we have looked at the problem as if we were trying to detect
the magnetic field from the pipeline in the absence of other factors except
possibly receiver noise. In practice the signal impinging on the receiver
which comes directly from the transmitter will be orders of magnitude larger
than the induced pipeline signal. While it is true that a constant background
signal, however strong, does not interfere with detection, the interfering
signals, both those coming from directly from the transmitter and {ndirectly
via induced currents on the vehicle, will not remain constant. Variations
in transmitter power, thermal effects on electronics and mechanical structures
and vibrations, among other effects, will cause the background to vary. Even
small variations of this large background will tend to mask the desired pipe-
line signal, being especially serfous if the temporal variations are similar
in the desired and background signal.

To give an example of the magnitude of this effect, consider the 40 Hz
Selectron source at 4 meters from the pipeline. The returned signal {is about
4y=4 x 1075 gauss. At the immediate vicinity of the core, the magnetic field
coming directly from the core is equal _tothe core's induction of 1 x 10% gauss,
a signal to background ratio of 4 x 1072 . (Clearly, even very small fluctua-
tions in the background signal are intolerable.

In the following, we will examine schemes which discriminate against
the direct field. Employment of these schemes will usually also discriminate
against the desired signal. Such a loss is tolerable provided we are well
above the system and ambient noise level. A useful scheme s one which dis=
criminates against the direct signal to a greater extent than the pipeline
signal is discriminated against.

Schemes for direct field discrimination fall into two categories, pre-
detection and post detection. Predetection schemes are those which operate
before the sensor detects the field, post detection schemes operate after the
magnetic field is translated into an electrical signal. In general, predetec-
tion schemes are preferred fn that they are not influenced by electrical insta-
tilities. However, post detection schemes will probably be necessary since it
is doubtful that enough discrimination will be available from predetection
schemes alone.

7.2 Predetection Background Elimination

7.2.1 Source Receiver Séparation. By moving the source or recefver toward

the pipeTine, the background decreases while at the same time increasing the
desired effect due to the pipeline. Of course this directly decreases standoff
distance. For a constant standoff distance, the background can still be discri-
minated against by moving the receiver away from the transmitter anywhere in the
plane perpendicular to the one joining the free swimmer and pipetine. This sep-
aration discriminates against the direct signal without appreciably affecting the
pipeline signal until the separation becomes on the order of half the distance to

the pipeline.
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_ To see how the background 1s reduced by separation, consider the receiver
. separated from the 40 Hz Selectron solenoid by one meter, Along the transmitter's

axis the magnetic field is
B-pom

Q7 rd

For m=67.9 amp m? and r=1 meter we find B=1.35 x 10%y. This {s a factor of
105 less than the field existing in the transmitter's core,

(51)

7.2.2 Shielding. The geometry of the paths taken by the pipeline signal and
the direct background are quite different. By incorporating some shielding
material in the region between the source and receiver, it may be possible to
discriminate against the direct signal in favor of the pipeline signal. Efther
conductive materials, producing eddy currents or magnetic materials, becoming
magnetized, might produce the required discrimination. The exact signal to
background improvement to be obtained from shielding js difficult to calculate
in advance, and is best determined from laboratory experiments.

7.2.3 Orthogonality of Source and Receiver. Both the magnetic field and our
sensors are vector in character, This means we can align our recefver so that
their axes are perpendicular to the field coming from the transmitter. The
direct magnetic field can then, in principle, be nulled completely. There will
also be a reduction in the pipeline signal. If the source and receiver are
separated on the order of the distance to the pipeline, the pipeline signal
will not be attenuated as much as the direct signal.

In practice obtaining a perfect null will be impossible, probably mainly
due to mechanical vibrations which keep the receiver from being aligned exactly
perpendicular to the incoming direct field. For example, for the 8.72 Selectron
rod clamped at its center, the ends must be positioned to within 1 milimeter to
reduce the detected signal to 1/100 of its maximum value. For a recefver located
] meter from the 40 Hz Selectron source, this would reduce the effective direct
field to 135v.

7.3 Post Detection Processing

7.3.1 Differencing. If the free swimmer is to follow a pipeline, it 1s
important to obtain control information whenever the free swimmer wanders from
its desired position directly over the pipeline. A convenient way of accom-
plishing this 1s to use two receivers laterally displaced from the transmitter
but symmetrically placed with respect to it. These receivers are then differ-
entially connected so that when the free swimmer is directly over the pipeline
the pipeline produces no net signal. When the free swimmer wanders from direc-
tly above the pipeline, a signal is produced with a polarity corresponding to
that of the receiver which is closest to the pipeline. The strength and polarity
of this signal can then be used as the control signal to keep the free swimmer
- over the pipeline.

If the two receivers are placed symmetrically with respect to the trans-
mitter, we would expect that each receiver will pick up the approximately same
amount of direct field. When they are connected differentially, this direct
background will cancel. This cancellation can be made more perfect by putting
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a potentiometer in series with one receiver and adjusting it for deepest null.
Only lab experiments will be able to determine the depth of this null. If 40

" dB can be obtained, then when used in conjunction with 1-meter source receiver
separation and orthogonal receiver orientation, the direct signal pickup will

be equivalent to 1.4 ¥ for the 40 Hz Selectron source. This would put the direct
background near or below the Tevel of the signal from the pipeline four meters
away, and we should begin to be able to pick out the pipeline signal,

As for the predetection schemes, differencing also discriminates against
the desired pipeline signal. The degree of discrimination is dependent on where
the-pipeline is located relative to the two receivers. For example, when the
pipeline is centered between the two receivers, the pipeline signal is opposite
and nearly equal so that there is complete cancellation of the pipeline signal.
At other positions of thé pipeline, the cancellation is less but still finite.
The largest net signal will occur when the pipeline is centered halfway between
the transmitter and one of the receivers. For the case of the transmitter sep-
arated from the receiver by half the depth of the pipeline, this maximum {is
about half the pipeline signal in any one of the receivers.

7.3.2 Adaptive Differencing. In the above scheme, the null was obtafned by
setting a potentiometer. In the course of a mission this null point can be
expected to drift due to thermal and mechanical changes. The system will have
to be re-nulled, perhaps periodically. As long as the system is essentially
drift free for fairly long periods of time, this will cause no problem since
auto null circuits can be energized periodically when the vehicle is away from
the pipeline. At 40 Hz, it appears only an amplitude adjustment will be nece-
ssary. At 4000 Hz both amplitude and phase compensation may be necessary. This
Tast case is very similar to adaptive noise cancelling of a single sinasoid and
is known to require a two-tap delay line with two multipliers.

7.3.3 Phase Effects. In air the wavelength at 40 or 4000 Hz fs so much greater
than any of the distances involved that the phase of the received signal s the
same as the transmitted signal. The same situation obtains in water at 40 Hz
where the wavelength, which is 2 times the skin depth, s over 250 meters.
However, at 4000 Hz the wavelength is only 25 meters and the pipeline signal's
phase at the receiver can be considerably different from either the transmitted
phase ar the direct signal from the transmitter. For example, at 4 meters height,
the pipeline signal is in quadrature with the transmitter and nearly in quadrature
with the direct signal. By operating the reference signal of our lock-in ampli-
fier at a phase which is in quadrature with the direct signal, we can again dis-
creminate agdinst the direct signal in favor of the pipeline signal. Obtaining

a reference which is phase Tocked to the direct signal is easy in the absence

of a2 target, since this is just the received signal.

The exact implementation and gains to be obtained by usfng phase discri-
mination are not clear, although perhaps very significant for a 4000 Hz system.
Unfortunately, experiments involving phase effects can only be done under water.
Studies of phase effects should probably be postponed until in-air expariments
are complete. If it eventually appears that a 40 Hz system will suffice, there
will be no reason to investigate phase effects at all. ' :
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8.0 SUGGESTIONS FOR EXPERIMENTS

Table 1 shows the type of equipment necessary to develop a magnetic
pipeline detection system. These have all been mentfoned in the text previously,
and are all currently on order or in-house. Another requisite for lab experf-
ments, especfally for simulation of actyal pipeline detection, s a large clear
area free from other metals which may become magnetized or produce eddy currents,

A suggested plan for performing the magnetic experiments will now be
given. First the transmitting and receiving coils and solenoids should be wound
as -described fn sections 4.1 through 4.3 and section 5.2. Thefr complex {mped-
ence should be measured as a function of frequency and compared with the formulas
given in the test. Since winding capacitance and eddy currents were not taken
into consideration in the test formulae, the transmitters and receivers may have
to be rewound. 1In general the measured Qs will be less that those calculated,
since the effects we've ignored tend to Yower inductance and increase resistance.
It must be determined whether this lower Q is sufficiently significant to make
the subject solenoid or coil too Tnefficient to be used as a transmitter and
receiver,

Once the basic characteristics of the transmitters and receivers have bem
determined, their performance in conjunction with the appropriate driving or
receiving electronics should be checked. The minimum detectable signal and
dynamic range should be checked for the sensor-preamp-locking combination. The
transmitters should be driven to their full power output where efficiency and
magnetic moment measurements should be made.

The range of suitable operating frequencies should be examined by meas-
uring the change of inductance vs. frequency with various magnetic and nonmag-
netic materials in proximity of a transmitting coil. Frequencfes near where
the eddy current and magnetic effects cancel will produce 1ittle effect and
should be avoided,

Using a single source and receiver, experiments should be conducted to
see what depth of null can be maintined for an orthogonal receiver in the pre-
sence of thermal and mechanfcal fluctuations. Next, a separate receiver, iden-
tical and placed symmetric with the first, should be used to test the depth and
quality of the nul) obtained with a differentially connected pair. Conducting
and magnetic materials should be placed around the receivers to see §f shielding
can improve the discrimination of the direct signal.

If a1l Tooks well at this point, laboratory pipeline detection experi-
ments should begin. Two receivers mounted on a nonmagnetic beam, separated by
1 to 2 meters, with a transmitter in the center can be used to detect 2 pipe.
Measurement of the detected signal versus range and lateral offset can then be
made. Comparison can be made with equation (13) to obtain an estimate of the
system's performance against different sized pipes in sea water. After the systm
has been tested in isolation, it should be mounted on the vehicle in the laboratory
and tested to see that proximity to the vehicle has not degraded the system.

The last experimental phase would be fn-water tests. Two receivers and
a transmitter could be waterproofed, mounted on floats and towed behind a small
boat over suitable sections of pipe in San Diego bay. Pipe detectability for
different sized pipes at different depths could be determined as a function of
pipe diameter and depth. Also salt water experiments are the only ones where
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quadrature effects could be fnvestigated. Demcnstration of the ability to
detect pipelines with a towed system would probably justify continuance of the
progran to incorporate pipeline inspection in free swimmer.
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